A serious problem in previous spin-polarized scanning tunneling microscopy experiments has been the clear separation between topographic, electronic, and magnetic information. We have recently solved this problem by measuring the asymmetry of the differential tunneling conductivity at bias voltages corresponding to the energetic positions of the two spin components of exchange-split surface states in an external magnetic field. By mapping the spatial variation of the asymmetry parameter we have been able to observe the nanomagnetic domain structure of Gd(OOOl) ultrathin films with a spatial resolution below 20 nm.
Introduction
The concept of spin-polarized scanning tunneling microscopy (SPSTM) based on using magnetic probe tips was introduced some time ago l) in order to combine the atomic resolution capability of STM 2) with magnetic sensitivity 34). However, the clear separation of topographic, electronic and magnetic structure information remained a problem in these early pioneering investigations. More recently, we have made additional use of the spectroscopical capabilities of STM in order to study the temperature and morphology dependence of the exchange splitting of spin-split surface states of Gd(0001) 5) . By repeating these experiments with magnetically coated probe tips we were able to measure clear asymmetries in the differential tunneling conductivity at bias voltages which correspond to the energies of the spin-components of the exchange-split Gd(OOOI) surface state 6) . Maps of the spatial variation of the asymmetry reveal the magnetic domain structure of nanostructured Gd(OOOl) thin films with a lateral resolution better than 20 nm. Here, we will discuss the experimental conditions (type of magnetic coating of probe tips, background pressure etc.) for achieving domain images by SPSTM and compare this method with 195 the recently introduced technique of ultrahigh-vacuum (UHV) magnetic force microscopy (MFM) for in-situ studies of magnetic domain structures of ultra-thin magnetic films down to the atomic layer level 7, 8 ).
Experimental
The experiments were performed in a four-chamber UHV-system with a base pressure below p 5xlO,II mbar. Gd(OOOI) thin films were prepared on clean W(llO) substrates as described elsewhere 5.9) . A sharp hexagonal LEED pattern and an intensive d z ,-Iike surface state as measured by means of photoelectron spectroscopy were taken as indicators for well-ordered and clean Gd(OOOl) surfaces. In the commercial variable-temperature scanning tunneling microscope (VT-STM) used in this study the sample could be cooled down to 20 K and resistively heated up to 380 K. We used electrochemically etched W-tips which were flashed in-vacuo to remove oxide layers. The tips were magnetically coated while held at T = 600 K by electron beam evaporation of Fe and subsequently magnetized by fields directed perpendicular to the tip axis produced either by a permanent magnet (H "" 40 mT) or by coils arranged in a Helmholtzconfiguration (H = 8 mT). Spectroscopic information has been gained by measuring the derivative of the tunneling current I with respect to the applied sample bias V. The dl/dV(V)-characteristic is a measure of the local density of states (LDOS) of the sample at the tip apex to a first approximation 2). The dl/dV-signal has been measured with a lock-in technique by adding an ac-component (V mod = 20 mY, v 325 Hz) to the gap voltage V which was linearly ramped while the STM feedback circuit was switched otT. At the end of the ramp the modulation was switched off and the feedback was reactivated. Consequently, it has been possible to acquire constantcurrent topographic data simultaneously with the spatially resolved spectroscopic data.
Results and discussion
At first we have studied the electronic structure of ultrathin Gd(OOO 1) films on W( 11 0) as a function of local coverage by tunneling spectroscopy. Krastanov growth). Since the Gd islands are atomically flat and the substrate exhibits several monoatomic steps below the islands, the local coverage Oloe decreases for every island from the left toward the right edge from 22 ML (maximum) down to 4 ML. Between the islands the substrate is covered by a stressed monolayer of Gd. Simultaneously with the topography we have measured the dJ/dU(U)-spectra at every pixel of the scan area. The differential conductivity is grcy-coded, i.e. higher dlldU signals correspond to brighter locations. Ohviously, the relative contributions to the electronic density of states from the islands and from the first monolayer depcnd on the applied hias and therefore on energy. On the other hand, it is also obvious !i'om Figs. 2(b}-(d) that the electronic structure on top of the islands is homogeneous and is not int1uenced by the local thickness variations of the islands for Sloe> 4 ML. Next we have studied the temperature-dependence of the double-peak structure in dlldU(U)-spectra of Gd(OOOI)/W(lIO) thin films for Sloe ~ 2 ML as discussed in detail in Ref. 5 . We found that the double-peak structure corresponds to the two spin counterparts of a dzzlike surface state of Gd(OOOl) which has been studied in detail previously by angle and spin-resolved photoelectron and inverse photoelectron spectroscopy. The energy difference of the two spin-components was found to be on the order of 700 meV at 20 K and to decrease down to 400 meV at 300 K, close to the bulk Curie temperature of Te = 293 K. The finite spin splitting even above Te was explained by the high spatial localization of the surface state together with the local nature of the 4f moments of Gd.
In the following, we show that a sample, such as Gd(OOO I), which exhibits a spin-split surface state close to the Fermi level EF is ideally suited for spin-polarized tunneling experiments 6). ... In Figure 3a we consider vacuum tunneling between a Gd(OOOI) surface and a tip material for which the sign of the spin-polarization does not reverse in the energy range of interest, i. e. ±O_5 eV around the Fermi-level. For simplicity a constant spin-polarization is assumed. If the magnetization direction of the tip remains constant we have two possible magnetic orientational reliltionships between tip and sample, parallel or anti parallel. Since, however, both the majority and the minority component of the Gd(OOO 1) surface state appear in our tunneling spectra, in any case the spins of one component of the surface state will be parallel with the tip while the other one will be antiparallel. Therefore, the spin-valve effect wiJ\ act differently on the two spin-components; due to the strong spin-dependence of the density of states the spincomponent of the surface state parallel to the tip magnetization is enhanced at the expense of its counterpart being anti parallel. Consequently, by comparing tunneling dIldU-spectra measured above domains with opposite magnetization we expect a reversal in the contrast at the majority and minority peak position [ Fig. 3(b) l.
Tunneling spectra measured in an external magnetic field with an Fe-coated probe tip (Stip = 10 ML) positioned above an isolated Gd(OOOI) island show exactly the expected behavior [ Fig. 3cl_ After inserting the sample in the STM sample holder and cooling down to 70 K it was magnetized in a magnetic field of +4.3 mT applied parallel to the sample surface. Subsequently, 128 tunneling dJ/dU-spectra were measured in remanence with the tip positioned above the Gd-island marked by an arrow in the inset of Fig. 3c . Then the direction of the magnetic field was reversed (-4.3 mT) and further 128 tunneling dJ/dU-spectra were measured at the same location. This procedure was repeated several times. Figure 3c shows the averaged tunneling spectra measured in remanence after the application of a positive or negative field. Comparison of the spectra reveals that for positive field the differential conductivity dJ/dU measured at a sample bias which corresponds to the binding energy of the occupied (majority) part of the surface state is higher than for negative field_ The opposite is true for the empty (minority) part. We have chosen free-standing Gd islands on W(l1 0) for this experiment since it is known from Kerr-effect measurements that the coercivity is only 1-1.5 mT, i.e. much lower than the applied field. Therefore, one can safely conclude that the magnetization of the sample was switched by the external field while the tip magnetization remained unchanged. The high spatial resolution down to the atomic scale is the special merit of scanning tunneling microscopy and spectroscopy.
We performed spatially resolved measurements at T = 70 K with a W-tip coated with 5- Fig. 4 (a) Constant current topograph of nominally 10 ML Gd grown on W(lW) in the Stranski-Krastanov mode. Partially coalesced Gd-islands can be recognized. Between these islands the WO 10) substrate is covered by a Gd monolayer. (b) The asymmetry image reveals the magnetic domain structure on top of the Gdislands.
Gd on the W( 11 0) substrate held at 530 K. This preparation procedure leads to partially coalesced Gdislands with a Gd wetting layer on the W(IIO) substrate (Fig.4a) .
The scan range is 2 llm x 2 llm with 250 x 250 pixel resolution. At every pixel a dIldU(U)-spectrum was recorded. In order to clearly separate between electronic and magnetic contributions to the spectroscopic image contrast we have introduced an asymmetry parameter A which, in analogy to other spin-sensitive techniques, is defined in the following way: Let I mai . min be the intensity of the dI/dU-signal measured at the majority (minority) peak position, then Figure 4b shows the asymmetry image composed by calculating A at every pixel. We can clearly recognize contrast variations across the Gd islands which correspond to their nano-magnetic structure. This has been proven by observing the same asymmetric behavior of the dI/dU-signal across domain boundaries as observed earlier by magnetically switching single domain islands (Fig.3c) .
To evaluate the signal-to-noise-ratio and the spatial resolution obtained so far we have zoomed into a detail, i.e. a particular Gd-island already visible in the top part of Fig. 4 . The dl/dU-signal for both surface state spincontributions is plotted for the selected island in Fig. 5 . A closer inspection of line-sections reveals that both the filled and the empty surface state spin-part increase and decrease in intensity on a lateral scale below 20 nm, respectively. This length scale probably corresponds to the natural domain wall width of such nano-scale Gd islands.
The spin-polarization P of the majority (minority) part of the surface state can be estimated by can derive the bias dependence of the spin polarization P as shown in Fig. 6 .
The polarization exhibits extreme values at U = -0.13 V and U = +0.42 V, i.e. at bias voltages just below the peak positions of the surface state. For comparison we have enclosed values of the spin-polarization of homogeneous, approximately 30 ML thick Gd(OOOl) films grown on W( 110) as determined by means of spinresolved inverse photoemission spectroscopy (SP-IPE) 11) An excellent averall agreement can be recognized. Both, SP-STS as well as SP-IPE data exhibit a positive spinpolarization P on both sides of the Fermi-level. In more detail, P amounts to about 0.5 close to the position of the majority surface state, decreases to P '" 0.4 at the Fermilevel, and vanishes about 300 meV above the Fermi-level. With both experimental techniques a negative spinpolarization can only be recognized around the peak position of the minority surface state, while the spinpolarization turns to positive values again for unoccupied electronic states being energetically further apart from the Fermi-level.
As we have seen above, SPSTS measurements can be extremely valuable for magnetic imaging at the nanometer or even atomic 3, 4) scale. We can even derive quantitative information about local spin polarizations. On the other hand, a routine application of SPSTS can only be achieved by careful considerations of the influence of the magnetic tip's stray field on the sample's nanomagnetic structure and the effect of surface contamination leading to a deterioration of the spinpolarized tunneling current signal.
First, we have studied the influence of the stray field of the probe tip on the domain structure of the sample. We never observed any indication of tip induced changes of 199 Fig. 7 Asymmetry image of a Gd sample measured with a 100-200 ML thick Fe-coating on the tip. The circles indicate two Gd islands whose magnetization were accidentally switched due to a sufficiently strong local stray field of the magnetic probe tip.
the sample domain structure for Fe-coatings with Stip ~ 10 ML. If, however, Stip 2 100 ML tip-induced magnetic modifications were frequently observed. Figure 7 shows the asymmetry image of Gd(OOOl)-islands grown on a WOlO) substrate. The sample was scanned from bottom to top with a tip coated by an Fe-film of 100-200 ML thickness. Two circles indicate locations where a checkerboard pattern is observed characteristic for a magnetization reversal of single Gd-islands. Magnetic switching of the tip can be ruled out since other Gdislands are imaged non-destructively in subsequent scan lines. We can therefore conclude, that magnetic thin film tips can solve the problem of a possible influence of the local stray field on the sample's magnetization provided that the thickness of the coating is chosen sufficiently small. This experimental approach is already well known for a long time in the field of magnetic force microscopy (MFM), particularly when applied to magnetically soft samples.
Second, we have investigated the time-dependence of the measured spin polarization as shown in Fig. 8 . It is immediately apparent from this semilogarithmic plot that the spin-polarization decreases with time due to the influence of surface contamination.
Assuming an exponential decay we find by regression analysis a decay constant -rn are in good agreement with temperature dependent spin resolved (inverse) PES data 11). However, a difference in the decay constant as obtained for the majority and minority part of the surface state is obvious. In the future we will perform SPSTS experiments in a UHV-compatible bath cryostat system where we can keep the surfaces clean for a much longer time period allowing for a more detailed investigation of the nanomagnetic structure of ultrathin films.
Summary
A new concept of spin-polarized scanning tunneling spectroscopy has been introduced by vacuum tunneling between magnetically coated probe tips and exchange split surface stales of ferromagnetic thin films. The spindependent nature of the tunneling current signal could be proven by switching the observed contrast on Gd(OOOl) either in an external magnetic field or by the local magnetic stray field of a magnetically coated tip with a film thickness exceeding 100 ML. The measured spinpolarization of the differential tunneling conductivity was found to be in excellent agreement with earlier results obtained by spin-polarized inverse photoelectron spectroscopy. Surface contamination leads to a decrease of the measured spin polarization and therefore to a deterioration of contrast in SP-STM images.
